Introduction
Tropospheric ozone (O3) is an important phytotoxic air pollutant (Heck et al. 1986 , Ormrod & Hale 1995 . In summer, tropo spheric ozone concentrations can reach peaks of 100 ppb. The rising O3 level in the atmosphere affects the growth rate of plants and induces visible foliar injury. The O3 neg ative effect is due to the reactive oxygen spe cies (ROS) that is produced within the leaves (Guderian 1985 , Emberson et al. 2000 . The ROS can damage cellular membranes im pairing cellular metabolic function (Pell et al. 1997) . Plant responses to O3 are depend ent on the uptake of O3 into the leaf and on the action of defensive mechanisms in plant tissues. A reduction of stomatal conductance may be regarded as a physical resistance mechanism to O3 (Mansfield & Freer-Smith 1984 , Reiling & Davison 1995 . However, plants also operate defensive mechanisms within plant tissue to detoxify O3 or repair injured tissue (Musselman & Massman 1999) . Isoprene emission is one of the most important of such mechanisms in Mediter ranean vegetation as demonstrated by Affek & Yakir (2002) and Loreto et al. (2004) .
The simplest way to assess plant response to O3 is to grow plants inside enclosures into which O3 is then continually released in con centrations that enrich or simulate the daily variations of the pollutant. This method al lows researchers to evaluate the effect of several concentrations of O3 (typically up to three times of the ambient concentration) as well as those of other gases or pollutants that can be added simultaneously (Paakkonen et al. 1997 , Pleijel et al. 1991 The enclosure system in which plants must be maintained to allow O3 enrichment, may alter the atmo spheric parameters and environment and usually it is difficult to determine which is the effect due to the O3 treatment and which is the contribution of the artefact growing conditions.
In a less disruptive approach, called the "zonal air pollution system" (ZAPS) (Ru neckles et al. 1990 ), a series of pipes over the crop continuously releases O3 into the plant canopy at various rates in different plots. This method avoids some of the artifi cial conditions inside chambers but is more expensive. Another disadvantage is the low maximum enrichment achieved by this tech nique, because of the continuous mixing with ambient air.
In this work we used a new technique, hereby referred to as WEB-O3-fumigation, to fumigate the deciduous downy oak Q. pu bescens with O3. This technique is an evolu tion of the ZAPS. It makes possible to stead ily release the O3 target concentration at leaf level through perforations in Teflon tubes which are wrapped around one of the branches of a plant in correspondence to the target leaves. The technique also allowed to study the impact of an O3 exposure gradient in the same plant depending on the distance from the pollution source. Furthermore, this method allowed to operate the fumigation in completely field condition and therefore re ducing or eliminating artefacts by enclosure systems.
This paper describes the Web-O3-fumiga tion system and presents data from a specific application of this technique to study the ef fect of different gradients of ozone stress on the isoprene emission of Q. pubescens leaves.
Materials and Methods

Plant material
Three year old Q. pubescens plants were grown in 10 L pots filled with commercial sandy soil. All plants were grown during spring and summer time outside under a typ ical Mediterranean ecosystem conditions characterized by dry and hot days. The plants were regularly irrigated and fertilized to avoid drought and nutritional stress.
Gas exchange measurements
The exchange of CO2 and H2O between leaf and air were measured with Li-6400 Portable Gas Exchange System (Li-COR, Lincoln, Nebraska, USA). The central part of a fully expanded, intact leaf was clamped in the Li 6400 gas-exchange cuvette holding a 6 cm 2 area, and exposed to an artificial atmo sphere reconstituting ambient air by mixing O2, N2 and CO2 (20%, 80% 0.037% respect ively) but free of any contamination. A flow rate of 0.5 L min -1 was used. During all measurements, the cuvette was maintained at a temperature of 30 C and the leaf was illu minated with a light intensity of 1000 µmol m -2 s -1 . Simultaneously to CO2 and H2O gas exchange measurements, also isoprene emis sions were detected by connecting on line the Li-6400 gas exchange cuvette to a port able gas chromatograph (Syntech GC 855) Keywords: ozone, isoprene, web-fumigation, photosynthesis, stomatal con ductance as described by Loreto & Velikova (2001) . Gas exchanges were measured before and after the ozone treatment in leaves of the branch directly exposed to the fumigation (high O3 concentration), in leaves of branches not directly hit by the O3 jet, but at distance < 30 cm from the fumigating tubes (intermediate O3 concentration), and in leaves far (distance lower than 30 cm) from the O3 treated branch (ambient O3 concentra tion). The parameters were analysed imme diately after the end of the treatment (0h) and during the recovery (96, 144 and 288h). The experiment was carried out on five dif ferent plants and on each plant were exposed to O3 only three branches. The analyses were done on three different leaves for each treated branch. Each measurement was done at the same time of the day to minimize physiological and environmental changes. The analysis time-course (30 min) was suffi cient for physiological parameter and the isoprene emission to reach a steady state.
Web-O3-Fumigation system
The Web-O3-Fumigation system was based on three different parts: the O3 production system, the O3 release system and the O3 measurement system (Fig. 1) The O3 production system Ozone was generated by flowing air, pushed by a diaphragm air pump through a winding quartz glass illuminated with an UV light source Helios Italquartz (Italquartz, Milan, Italy). The amount of ozone gener ated was regulated by changing the intensity of the UV light source and changing the air flow through the winding quartz glass allow ing different levels of ozone enrichment of the ambient air (Fig. 1) .
The O3 release system
Teflon tubes (internal diameter 4 mm), pre viously perforated with 0.2 mm holes in cor respondence to the branch leaves, were wrapped around one of the major branches of the plant. This allowed leaves of that branch to be directly exposed to high ozone concentration (300 ppb), while other bran ches of the same plant were exposed to inter mediate (190 ppb) or ambient (100 ppb) O3 concentrations depending on their distance from the fumigation holes (≤ 30 cm and > 30 cm, respectively). Plants were fumigated with ozone for three days, 8 h per day (from 9:00 to 17:00). To improve the control of O3 concentrations, a wind barrier was created. The rectangular open top wind barrier (3x4x3, 1.50 m high) was constructed at a distance of 2 m from the plant as a wooden frame covered with a low density fiber net allowing air circulation without significantly altering plant microclimate.
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The O3 measurement system
The Photometric O3 analyzer (1008 Dasibi Environmental Corp., Glendale, California, USA) continuously monitored the O3 con centration in different parts of the plant and at different distance from the plant. Two sampling lines were installed on each plant branch (at the lower and at the upper part of the branches exposed to high, intermediate, and ambient O3) and two sampling lines were installed to control the ambient O3 con centration. All sampling air inlets were posi tioned at 5 cm from the O3 release point, cor responding to the average distance between leaves and O3 vents. Air from the sampling Teflon lines (internal diameter 4 mm, 2 m in length) was continuously drawn by the AC diaphragm pump contained in the Dasibi ozone detector at a flow rate of 1 litre per minute. The Dasibi ozone detector measured every 20 seconds the O3 concentration in the sample air, allowing sufficient time to purge the measurement system. Each of the 8 sampling lines were monitored for 15 min and four times during the 8h period of each day of the experiment. Switching between the different sampling lines was done by manually operating glass valves.
Weather station data
The climatic data were continuously mo nitored by a weather station installed 50 m away from the experimental site. The wea ther station measured air temperature, relat ive humidity and wind speed with an anemo meter (SIAP, Bologna, Italy).
Statistics
The data presented are means from 5 dif ferent plants. Means were statistically sepa rated by a Tukey's test, and values signific antly different at the 5% in respect to control level are identified by asterisks.
Results
The O3 fumigation was done from 15 to 17 July 2003 from 9:00 to 17:00. During fumi gation, the weather was typically Mediter ranean, characterized by absence of rain and clouds, and wind speed and air temperature reaching a maximum early afternoon while relative humidity was at its minimum (Fig.  2) .
As expected, the high solar irradiation coupled with anthropogenic and biogenic ozone precursors allowed an increase in pho tochemical reaction of O3 formation, typical of the summer period in the Mediterranean area. In fact, during the warmer hours the ambient ozone concentration reached peaks of 100 ppb (Fig. 3A) .
As mentioned before, the wind speed var ied during the day, ranging from 2 to 5 m/s (Fig. 2A) . The moderate wind speed did not affected the O3 concentrations in our experi mental system, also because of the wind break system surrounding plants. Both, the high target O3 concentration (Fig. 3B) and the intermediate O3 concentration (Fig. 3C) , monitored continuously in different parts of the O3 treated plant branches, were main tained constant. As expected, a more signi ficant variation of the O3 concentration was observed in the branches exposed to interme diate ozone, mainly depending on wind speed and directions. Nevertheless, branches exposed to intermediate fumigation experi enced an O3 dose higher than ambient through the entire period (Fig. 3C) , as the average O3 concentration experienced during fumigation was 190 ppb.
Q. pubescens plants exposed to the three O3 concentrations did not show any visible in jury few days after the treatment (data not shown). However, plants exposed to 300 ppb and 190 ppb of ozone concentration showed a reduction of photosynthesis and stomatal conductance after the treatment (Fig. 4A, B) . Recovery of stomatal conductance was com plete on leaves directly treated with ozone (300 ppb - Fig. 4A ). On the contrary, there was no recovery of the photosynthetic rate. The intercellular CO2 concentration did not change following O3 exposure (Fig. 6) , sug gesting that photosynthesis reduction was caused by stomatal conductance reduction. The isoprene emission reduction followed the photosynthetic rate inhibition. There was no isoprene emission recovery after 288h (Fig. 5A) .
Leaves exposed to the intermediate O3 con centration (average 190 ppb over the treat ment, Fig. 4B , 5B) showed a total recovery of both photosynthetic rate and stomatal con ductance 96h after the end of the ozone treat ment. The isoprene emission showed a re duction of 30% immediately after the end of the ozone treatment, but the emission was stimulated by 30% after 288h (Fig. 4B) . Leaves exposed to ambient ozone concentra tions did not show significantly reduction of the observed parameters as shown for photo synthesis, stomatal conductance (Fig. 4C ) and isoprene emission (Fig. 5C ).
Discussion
Many studies focusing on ozone effects on plant physiology have been conducted using different techniques of ozone-fumigation. Field experiments where whole plants are fu migated on large structures, e.g., Open Top Chambers (Sallas et al. 2001 ) have problems of consistency and homogeneity of the fu migation and do not allow insight on the ef fect of the pollutant on plant parts that are not directly exposed to the stress but may be somehow indirectly interested by the phy siological responses of stressed plant struc tures. In addition, it is difficult to extrapolate the effect of ozone from the effect of the confined environment in which plants must be maintained to allow O3 enrichment. Laboratory experiments on whole plant (Pasqualini et al. 2001) or single leaf ozone fumigation (Loreto et al. 2004) are certainly more precise and have been efficient to un derstand physiological and biochemical changes induced by O3. However, laboratory measurements are even less transferable to field conditions and do not necessarily re flect the real response by outdoor plants. They also do not allow large scale measure ments being limited temporally and spatially. For instance, it is not possible to carry out laboratory measurements with large plants such as forest plants.
The Miglietta et al. 1998) , but we could demonstrate, with our experiment showing that O3 disappears at short distance from the fumigation source even in absence of wind, FACE techniques would be extremely difficult to use for highly reactive gases. Second, the Web-O3-fumigation allows to obtain gradients of O3 fumigation, in order to study the effect of ozone on plant structures of the same indi vidual (thus genetically coherent) but subjec ted to different levels of stress, as it often oc curs in nature for the exposure to acute sources of pollutants (e.g., in urban areas). We have shown in our experiment that branches of Q. pubescens not directly ex posed to high O3, may suffer from O3-in duced transient damage and may even stimu late isoprene synthesis, as previously ob served for other terpenes (Loreto et al. 2004 ). But we have also seen that in re sponse to a heavy treatment (300 ppb), the physiological parameters of the same plant are more permanently reduced and the activ ation of terpenes synthesis is delayed or in hibited. Perhaps this means that additional mechanisms of response to stress are activ ated when the stress is acute and needs a more powerful antioxidant response for the plant to cope with it (Loreto & Velikova 2001) . Third, the Web-O3-technique makes it possible to study the effect of the same stress on different parts of large trees, such as young fully expanded leaves, or leaves of several years in the case of evergreen plants. Fourth, this technique allows to transfer the precision and replicability of O3 fumigation obtained in laboratory experiments to field conditions, thus expanding the possibility to efficiently study process-based mechanisms such as photosynthesis limitations or the ac tivation of defence mechanisms in response to the stress.
